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DNA helicases are essential for DNA metabolism; however, at the molecular level little is known about how
they assemble or function. Therefore, as a model for a eukaryotic helicase, we are analyzing T antigen (T-ag)
the helicase encoded by simian virus 40. In this study, nuclear magnetic resonance (NMR) methods were used
to investigate the transit of single-stranded DNA (ssDNA) through the T-ag origin-binding domain (T-ag
OBD). When the residues that interact with ssSDNA are viewed in terms of the structure of a hexamer of the
T-ag OBD, comprised of residues 131 to 260, they indicate that sSDNA passes over one face of the T-ag OBD
and then transits through a gap in the open ring structure. The NMR-based conclusions are supported by an
analysis of previously described mutations that disrupt critical steps during the initiation of DNA replication.
These and related observations are discussed in terms of the threading of DNA through T-ag hexamers and the

initiation of viral DNA replication.

DNA replication, recombination, and repair are among the
cellular processes that require DNA helicases (52). Further
interest in these enzymes stems from their association with
numerous diseases (reviewed in references 20 and 82). There-
fore, efforts are under way to establish how these ATP-depen-
dent motors function. Recent progress in this field includes the
determination of the structure of the RecBCD helicase (70)
and insights into how the replicative helicases of prokaryotes (40)
and eukaryotes (35, 79) function. However, at the molecular level,
much remains to be determined about the mechanism(s) by
which helicases separate duplex DNA into single-stranded DNA
(ssDNA) (52).

A useful model system for addressing how replicative heli-
cases assemble and function is simian virus 40 (SV40) T anti-
gen (T-ag) (reviewed in references 11, 21, and 66). Its roles in
replication include site-specific binding to the viral origin, oli-
gomerization into a double hexamer, and initial melting of the
origin (reviewed in reference 7). Upon oligomerization, it can
also function as a helicase (3, 72, 74) and extensively unwind
duplex DNA (16, 17, 90), provided replication protein A
(RPA) (reviewed in reference 89) is also present in the reac-
tion. However, it is not understood how T-ag oligomerizes on
the origin, melts the origin flanking regions, or catalyzes the
unwinding of DNA at more distal locations.

One of the main advantages of using T-ag to establish how
a eukaryotic replicative helicase functions is that the structure
of much of the molecule has been solved. For instance, the
structure of the domain necessary for site-specific binding to
the viral origin, the T-ag origin-binding domain (T-ag OBD),
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was solved by nuclear magnetic resonance (NMR) methods
(45) and more recently by crystallography techniques (48). In
addition, the C-terminal helicase domain (residues 251 to 627)
was solved by X-ray diffraction (23, 44). The N-terminal J
domain (residues 7 to 117), needed for replication in vivo but
not in vitro, has also been solved (41). Furthermore, images of
T-ag hexamers and double hexamers bound to the viral origin
have been obtained from electronmicroscopy studies (63, 80,
81, 83). An additional advantage is that this molecule has been
subject to extensive mutagenesis studies. Thus, it is possible to
interpret the T-ag structures in terms of a wealth of previous
functional studies.

Given its central role in site-specific binding to the viral
origin and in subsequent initiation events, we have character-
ized the T-ag OBD (reviewed in reference 11) and its interac-
tions with DNA (8, 37, 42). The recent determination of the
crystal structure of residues 131 to 260 of the T-ag OBD
(OBD;3;560) (48) provided considerable insights into this
complex topic. This study established that the T-ag OBD, 3, _,4
forms a left-handed spiral having six monomers per turn, and
it identified a gap that may play a significant role during the
unwinding of duplex DNA into ssDNA. However, previous
studies provided limited information regarding the possible
interaction of the T-ag OBD, 5, _,¢, With ssDNA. Therefore, we
have used NMR methods to investigate the binding of the T-ag
OBD,5,_54 to ssSDNA. When the results presented here are
considered in terms of the structure of the T-ag OBD hexamer,
they suggest how ssDNA is routed through the spiral and then
through the rest of the double hexamer complex.

MATERIALS AND METHODS

Materials and reagents. ['>NJammonium chloride was purchased from Cam-
bridge Isotope Laboratories, Inc. Single-stranded poly(dT),s was from Inte-
grated DNA Technologies (Coralville, IA). Bovine alpha thrombin was pur-
chased from Haematologic Technologies, Inc. (Essex Junction, VT).
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FIG. 1. Locating residues within the T-ag OBD5,_,¢, that bind to ssDNA via NMR methods. The 600 MHz HSQC-transverse relaxation
optimized spectroscopy spectrum of a 1 mM solution of *N-labeled T-ag OBD 5, »5, (Materials and Methods) at 30°C is shown in red; the
assignments of the individual resonances were previously reported (45). Additional HSQC spectra were recorded as a function of increasing
amounts of single-stranded poly(dT),s (0.1 mM to 1.5 mM); the spectrum recorded in the presence of 1.5 mM poly(dT),s is shown in blue. The
chemical shift differences for selected residues (e.g., Vall50, Leul56, His203, and Arg204) are indicated. For Val 150, the two peaks that shifted

are to the left of the arrow.

Purification of the T-ag OBD,;;, 5. The vector used to express the T-ag
OBD3;_5¢0, PGEX T-ag OBD, was previously described (37). BL21 cells con-
taining pGEX T-ag OBD were grown at 37°C in M9 minimal medium containing
1g/liter ""'NH,CI to an optical density at 600 nm of 0.8. Induction and purification
of the T-ag OBD,3; 54, wWere conducted as previously reported (37, 48). To
exchange the purified '"N-labeled T-ag OBD,5;_,4 into phosphate buffer (10
mM potassium phosphate, pH 7.0, 7 mM magnesium chloride, 100 mM potas-
sium chloride, 1 mM dithiothreitol), the sample was passed over a Sephacryl
S-100 column (Amersham). The '*N-labeled T-ag OBD5;_,4, Was concentrated
to 1 mM using spin concentrators (Viva Spin; 5,000 molecular weight cutoff).

DNA preparation. Single-stranded poly(dT),s (Integrated DNA Technolo-
gies) was dissolved in H,O to 1 mM; the concentration was verified via UV
absorbance at 4,4,. Aliquots (0.1 mmole) were then dried in a Speed-Vac SC100
evaporator (Savant). For a given titration point, the appropriate number of
aliquots was then dissolved into the '*N-labeled T-ag OBD5,_,4, sample.

NMR studies. Spectra of the 1 mM sample of “N-labeled T-ag OBD3;_»¢
were obtained at 600 MHz on a Bruker DRX 600 spectrometer at 30°C. Dilute
hydrochloric acid was used to adjust the pH of the samples to 5.5. The two-
dimensional 'H/"*N correlation between the amide protons and the covalently
bound nitrogen atoms was determined by heteronuclear single-quantum coher-
ence (HSQC)-transverse relaxation optimized spectroscopy (55) using previously
described parameters (8). After an initial spectrum of the T-ag OBD 3, 54, Was
obtained, DNA was titrated in over a range of concentrations, from 0.1 mM to
1.5 mM, and additional spectra were collected. The SPARKY assignment and
integration program (University of California-San Francisco) was used to overlay
spectra and determine chemical shift changes for each peak.

Molecular modeling. The coordinates for the spiral structure of the T-ag
OBD3,_5¢ Were previously reported (Protein Data Bank accession code 2FUF).
Visualization of residues within the T-ag OBD was performed using the com-
puter program VMD (NIH resource for macromolecular modeling and bioin-
formatics) or by PyMOL.

RESULTS

Mapping the residues within the T-ag OBD that interact
with ssDNA. Previous studies revealed that T-ag binds to
ssDNA in a sequence-independent manner (6, 73). However,
whether ssDNA interacts with the T-ag OBD is controversial.
For example, binding of the purified T-ag OBD, 5, 54, to
ssDNA was not detected in previous electrophoretic mobility
shift assay experiments (37). In contrast, residues in the Al and
B2 elements of the T-ag OBD were shown to participate in
binding to helicase substrates containing ssDNA (69). More-
over, it was reported that a significant portion of the ssDNA-
binding activity of T-ag may reside in the T-ag OBD although
additional determinants for binding to ssDNA were suggested
to lie outside of this region (49, 91). Binding of ssDNA to
several domains in T-ag may help to explain the failure to
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FIG. 2. Chemical shift changes in the amide backbone resonances of the T-ag OBD3,_,¢, after binding to 1.5 mM poly(dT),s. The chemical
shift changes were measured using the program Sparky (Materials and Methods) and plotted as a function of residue number. The largest changes
were observed in the Al (residues 147 to 159) and B2 (residues 203 to 207) regions and in the C terminus (252 to 260) (67). Chemical shift changes
greater than 1 standard deviation are above the purple line, while those greater than 2 standard deviations are above the yellow line. Finally, residue
259 is a proline and does not contribute a peak to the spectrum. Therefore, data in the graph extend up to asparagine 258.

detect the interaction of the purified T-ag OBD,5; ¢, With
ssDNA in previous experiments (37).

(i) NMR-based studies of the interaction of the T-ag
OBD,3,_5¢0 With ssDNA. To clarify this issue, NMR methods
were employed to assay for possible interactions between
ssSDNA and the T-ag OBD, 5, ,4,- A series of HSQC experi-
ments (Materials and Methods) were performed in the pres-
ence of '"N-labeled T-ag OBD,;, ,4 and single-stranded
poly(dT),s (Fig. 1). The red peaks in Fig. 1 represent the
HSQC spectra of the **N-labeled T-ag OBD, 3, _», in the ab-
sence of ssDNA; the peak assignments were previously re-
ported (45). Additional spectra were taken in the presence of
increasing amounts of poly(dT),s; the blue peaks represent the
spectrum of '°N-labeled T-ag OBD,;, »4, recorded in the
presence of 1.5 mM ssDNA.

The changes in the chemical shifts revealed that ssDNA has
a very significant effect on selected residues (Fig. 1, arrows)
within the T-ag OBD,3, ,¢,- The magnitude of the ssDNA-
dependent change in the chemical shift of each residue upon
the introduction of 1.5 mM of poly(dT),s, is presented in Fig. 2.
The largest chemical shift differences cluster in the B2 region
(residues 203 to 207) (67); however, additional changes were
observed in the Al region (residues 147 to 159) and perhaps
in the unstructured C terminus (residues 252 to 260) (45).
For subsequent analyses, the chemical shift differences were
broken down into two categories: those between 1 and 2
standard deviations (Fig. 2) and those above 2 standard
deviations (Fig. 2).

(ii) The affinity of the T-ag OBD,5; ,4, for ssDNA. The
HSQC titrations can also be used to estimate the affinity be-
tween substrates and ligands (30). Tight binding interactions

generally have exchange rates in the slow or intermediate
NMR time scale. Residues showing characteristics of slow ex-
change do not appear to titrate, but, rather, the intensity of the
starting peak decreases as a new peak appears and increases in
intensity. The interaction of the T-ag OBD,;3; 54, With
GAGGC containing duplex DNA was in slow exchange, an
indication of relatively tight binding (8). In contrast, molecules
engaged in weak interactions are usually in fast exchange.
During fast exchange, the observed peak is at the average
position of free and bound; therefore, residues titrate as ligand
is added. A representative °N stack plot for T-ag OBD 5, s
residue H203, as a function of poly(dT) addition, is shown in
Fig. 3A. This residue shows a clear progression during the
titration of poly(dT),s that is characteristic of fast exchange.
The same conclusion was drawn based on a similar analysis of
residue R204 (data not shown).

To extend these observations, the chemical shift data pre-
sented in Fig. 3A were used to calculate the K, value for the
interaction of the T-ag OBD,3;_,¢, With poly(dT),s. These
analyses led to an estimated K, value of ~25 uM (the calcu-
lation is given in the legend to Fig. 3B). This value is consid-
erably weaker than the K, value for the interaction of the T-ag
OBD5,_54, With duplex DNA containing GAGGC sequences
(31 nM when measured by fluorescence spectroscopy [78] or
~100 nM when measured by NMR [8]). Collectively, these
analyses suggest that upon unwinding of the viral origin, the
T-ag OBD, 3, ¢, has a relatively weak affinity for ssDNA, a
useful property for a helicase domain that must make repeated
interactions with ssDNA.

(iii) Molecular modeling of the NMR-based path for ssDNA
over the surface of the T-ag OBD,;,_,¢,. Several observations
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FIG. 3. °N chemical shift data of His203 used to estimate the
affinity of the T-ag OBD3,_s4 for ssDNA. (A) '°N projections taken
through the >N-"H HSQC resonance of His203 in a T-ag OBD,3; »4-
containing solution as poly(dT),s was added incrementally from bot-
tom to top. Free and bound T-ag OBD, 3, ,¢, resonances are in fast
exchange, sliding gradually from left to right. The higher molecular
weight of the complex leads also to smaller integrated peak areas, and
some precipitation was also observed. Indeed, we estimated that the
T-ag OBD,3,_»4, concentration fell from an initial value of nearly 1.0
mM to ~0.5 mM after the addition of the second poly(dT),s incre-
ment. (B) Plot of >N chemical shifts shown in panel A versus the total
concentration of poly(dT),s DNA added. Assuming a 1:1 stoichiome-
try, a K, value of 2.5 X 10~° M is estimated. This is derived from the
extrapolated value of 0.5 mM total poly(dT),s at the point where the
T-ag OBD,5;_54, should be fully bound and that ~80% of the T-ag
OBD3;,_5¢4 is complexed at 0.5 mM total DNA. (Note that the con-
centration of free T-ag OBD, 3, 55, 0r DNA is therefore 0.2 X 0.5
mM = 1 X10™* M). It follows that K, = [T-ag OBD][DNA]/[complex] =
(1IX107% (1 X 107%/(4 X 107%) = 2.5 X 107> M.
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indicate that the T-ag OBD can form a hexameric ring. For
instance, recent crystallographic studies of the purified T-ag
OBD, 5, 54, established that it formed a left-handed spiral,
having six monomers per turn, with P65 symmetry (48). Fur-
thermore, electronmicroscopic images of T-ag have provided
additional evidence for hexameric T-ag OBD rings (81, 83).
Therefore, the data in Fig. 1 were used to map the binding
surface for ssDNA on the recently determined T-ag OBD
hexamer (Fig. 4). In conjunction with previous mutagenesis
studies (86), the recent crystallographic results (48) identified
the surface of the T-ag OBD hexamer that abuts the helicase
domain. The “helicase-proximal” surface contains the previ-
ously described Al and B2 binding elements. They also estab-
lished the surface that is involved in “hexamer-hexamer” in-
teractions.

The residues that shifted in the presence of 1.5 mM
poly(dT),s on the helicase-proximal surface (48) are depicted
on the image in Fig. 4A. As previously observed (Fig. 2), many
of the stronger chemical shift differences were assigned to
residues (in yellow) situated in the Al and B2 motifs. (As
previously observed (Fig. 2), many of the stronger chemical
shift differences were assigned to residues (in yellow) situated
in the Al and B2 motifs. Moreover, positive charges cluster in
the interior of the T-ag OBD hexamer (48). Therefore, the
inner surface of a given T-ag OBD hexamer would support
binding of negatively charged DNA in a circular path. The
residues that shifted on the opposite surface (i.e., those present
in the hexamer-hexamer interface [48]) are depicted in Fig. 4B.
It is apparent that there is little evidence that ssDNA interacts
with this surface. Expanded views of the monomers, showing
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the locations of individual residues that shifted as a function of
the addition of poly(dT),s, are presented in the lower figures.

(iv) Support for the proposed path for ssDNA over the T-ag
OBD derived from previous mutagenesis studies. Extensive
mutagenesis studies of T-ag have been conducted (reviewed in
reference 61). As a result, regions of the molecule involved in
diverse activities, such as origin recognition, DNA unwinding,
helicase activity, and binding to ssDNA have been identified.
Therefore, to extend our studies, the replication-defective mu-
tations within the T-ag OBD were tabulated, along with infor-
mation regarding the step(s) in the initiation process that were
defective in the individual mutants (Fig. 5 and 6).

Of particular interest, residues in the Al and B2 elements
(i.e., 149, 159, and 203) were reported to be necessary for
binding to ssDNA containing helicase substrates (69). In ad-
dition, two neighboring residues in the T-ag OBD have been
implicated in binding to ssDNA (i.e., S185 and H187) (69). In
Fig. 7, T-ag OBD residues implicated in binding to ssDNA are
shown in blue (the helicase-proximal surface is presented in
the left panel, while the hexamer-hexamer interface is pre-
sented in the right panel). As with the HSQC experiments (Fig.
1, 2, and 4), the mutants defective for binding to the ssDNA
substrates cluster, in general, on the helicase-proximal surface
of the T-ag OBD hexamer. The S185 and H187 residues are,
however, essentially buried and thus provide little insight. Nev-
ertheless, the data presented in Fig. 7 supports the hypothesis
that residues that bind to ssDNA are located on the helicase-
proximal side of the T-ag OBD hexamer in what may be con-
sidered a circular path. Finally, it is noted that the diameter of
the T-ag OBD, 5, ,4, central channel is ~ 30 A (48). There-
fore, the circumference would be approximately 94 A, a sur-
face that could accommodate roughly 28 nucleotides of
ssDNA.

(v) Evidence for transit of ssDNA through the gap region in
the T-ag OBD hexamer. The T-ag OBD, 5, ,4, formed an open
ring hexamer whose termini fail to align (48). Therefore, upon
oligomerization on the origin, a gap may be a feature of T-ag
hexamers and double hexamers. A gap has also been reported
to be a feature of the minichromosome maintenance complex
from Methanobacterium thermoautotrophicum (28). The stud-
ies summarized in Fig. 8 indicate that the path for ssDNA over
the T-ag OBD hexamer may include residues situated in the
vicinity of the gap.

As shown in Fig. 8A, the T-ag OBD spiral hexamer is con-
figured such that many of the Al and B2 residues that interact
preferentially with ssDNA in the NMR studies (Fig. 2) are
exposed in the vicinity of the gap, particularly on the f subunit
(Fig. 8A, right). In addition, many previously described repli-
cation defective mutations (Fig. 5 and 6) cluster in the region
near the gap (Fig. 8B). Of particular interest, many residues
that disrupt T-ag’s helicase (green) and unwinding (orange)
activities when mutated occur in or near the gap (Fig. 8C). The
mutant data may, however, also reflect that particular residues
are involved in additional activities that do not directly involve
the gap (e.g., in oligomerization). Nevertheless, mutant C216G
has been reported to be defective only in T-ag’s single-strand-
dependent unwinding activities (Fig. 6). Moreover, several mu-
tants are defective only in T-ag’s DNA binding or unwinding
activities (e.g., N153S, R154S, T155S, R204K, and S219T).
Therefore, since there is no indication of additional defects,
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FIG. 4. Mapping residues that are involved in binding to ssDNA onto a model of a T-ag-OBD spiral hexamer. Monomers of the T-ag
OBD3,_5 form a left-handed spiral with six monomers per turn (48). Two different shades of gray were used to depict the T-ag monomers, which
were designated a to f. The two surfaces of the T-ag OBD, 3, _, spiral were analyzed in terms of the NMR data presented in Fig. 1 and 2. (A) The
helicase-proximal face of the T-ag OBD,3,_,4 spiral (48), with the results of the NMR studies superimposed on the surface. Residues that shifted
between 1 and 2 standard deviations are shown in purple, while those that shifted greater than 2 standard deviations are shown in yellow.
(B) Hexamer-hexamer interface of the T-ag OBD 3, 5, spiral (48) with the residues that interacted with ssDNA mapped onto its surface. At the
bottom of both panels, expanded views of the two surfaces of monomer a which identify individual residues that interacted with ssDNA. Many of
the T-ag OBD3,_,4, residues that shifted upon the introduction of ssDNA are derived from the Al (residues 147 to 159) or B2 (residues 203 to
207) regions. The locations of the N terminus (N) and C terminus (C) of the T-ag OBD,3,_»¢, are indicated.

the mutant data are consistent with the NMR-based proposal,
namely, that at some point during SV40 DNA replication,
ssDNA is routed past residues that are present in the vicinity of
the gap.

DISCUSSION

During origin recognition, the T-ag OBD site-specifically
binds to the GAGGC sequences in site II, an interaction that
requires duplex DNA (reviewed in reference 11). Moreover,
1,10-phenanthroline-copper footprinting studies of T-ag dou-
ble hexamers demonstrated that DNA within the T-ag OBD
portion of a double hexamer is protected from cleavage (36),
further evidence that within this domain, DNA is restricted to

the central channel and not to the outer surfaces. Indeed,
interactions between the T-ag OBD and the GAGGC pen-
tanucleotides may anchor T-ag double hexamers to the origin
prior to the initiation of helicase activity. In contrast to the
evidence indicating that site II is maintained as duplex DNA,
ssDNA is generated in the flanking regions in SV40 and other
viral origins during initiator assembly (1, 23, 29, 36, 44, 59, 75).
This has led to the hypothesis that DNA threading, particularly
through the helicase domain, is coupled to assembly of T-ag on
the viral origin. This possibility is supported by the observation
that once hexamers and double hexamers are formed, there is
no obvious mechanism for routing covalently closed circular
DNA through the closed hexameric rings.
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131 141 15:A1
T-ag-obd KVEDPKDEFPS ELLSFLSHAV FEFSNRTLACE]
dsDNA KVEDPKDEPS ELLSEFIISHAV ['SNRTLACEF!
ssDNA KVEDPKDFPS ELLSFISHAV FSNRTLACF]

oligomerization KVEDPKDEFPS ELLSFI|SHAV FSNRTLACE
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A
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A
A
A

221 231 241 251

distortions KVEDPKDFPS ELLSFI{SHAV FSNRTLACE]
KVEDPKDFPS ELLSFI|SHAV FS LACF

helicase KVEDPKDFPS ELLSFIISHAV FSNRTLACE]

replication KVEDPKDFPS ELLSFI{SHAV FSNRTLACF]

191 201 B2 211 B3

T-ag-obd:

dsDNA

ssDNA

NHNILFFLTP HRHRVSAINN YAQKLCTFESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDFNPE
NHNILFFLTP HRHRVSA[INN YAQKLCTESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDENPE
NHNILFFLTP HRHRVSAINN YAQKLCTEFSF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDENPE

oligomerization NHNILFFLTP HRHRVSAIINN YAQKLCTESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDEFNPE

distortions

helicase
replication

NHNILFFLTP HRHRVSAJINN YAQKLCTESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDENPE
NHNILFFLTP HRHRVSAINN YAQKLCTFEF
NHNILFFLTP HRHRVSAINN YAQKLCTFESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDENPE
NHNILFFLTP HRHRVSAINN YAQKLCTESF| LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDENPE

LICKGVNKEY LMYSALSRDP FSVIEESLPG GLKEHDFNPE

FIG. 5. The distribution of replication-defective mutations within the T-ag OBD,3,_,4,. The top line presents the amino acid residues present
in the T-ag OBD 3, ,(; the locations of the A1, B2, and B3 motifs (67) are indicated. The distributions of the different classes of mutants within
the T-ag OBD,3,_,4 are displayed in the lower lines (identified by keywords). These include mutants that are defective in binding to double-
stranded DNA substrates (dsDNA), binding to ssDNA, oligomerization on origin-containing DNA, DNA distortions of the origin flanking regions,
the ability to unwind origin-containing DNA templates, or in their helicase activities. Finally, as noted in the legend of Fig. 6, mutants whose defects

have not been determined are classified as replication defective.

When these observations are viewed in terms of our current
findings, they suggest how ssDNA is routed through double
hexamers assembled on the origin. A model of the T-ag OBD
spiral hexamer indicating the positions of the Al and B2 ele-
ments is shown in Fig. 9A (left); a schematic of the spiral
showing the interaction of the T-ag OBD with DNA is de-
picted in Fig. 9A (right). A subset of the Al and B2 elements
within the spiral are proposed to bind to the GAGGC repeats
in site II; however, this interaction may require structural re-
arrangements (48). In addition, the T-ag OBD is also able to
bind to ssDNA using many of the same Al and B2 residues
used to bind to duplex DNA. Moreover, the residues that bind
to ssDNA are situated on the helicase proximal face of the
T-ag OBD spiral and arranged in a circular manner that ter-
minates in the vicinity of the previously described gap (48). It
is of interest that one surface of the T7 helicase/primase was
also proposed to contain a circular path for ssDNA (31), and
RNA may transit a surface of the open ring hexameric RNA/
DNA helicase Rho in a circular manner (60). Also depicted in
Fig. 9A are the locations of Glu260 (teal dashes); the linkers
that connect the T-ag OBDs to the helicase domains would
extend from these C-terminal residues.

A model for the passage of DNA through the entire complex
is depicted in Fig. 9B. When functioning as a helicase (see
below), DNA is thought to be spooled into the C termini of
double hexamers formed on the origin (3, 15, 72, 88). There-
fore, the black arrows indicate duplex DNA moving toward the
C terminus of a given T-ag hexamer. Exactly how both strands
of DNA transit through the helicase domain has yet to be
established. However, based on parallels with prokaryotic he-
licases, such as DnaB (39, 40) and the T7 helicase (2, 31), one
strand of DNA is proposed to enter the helicase domain via
the central channel, while the second strand is proposed to be
routed over the surface of the helicase domain. An alternative

possibility is that duplex DNA enters the central channel, and
then at least one strand transits to the helicase surface via the
side channels (23, 29, 44, 80). Nevertheless, both models sug-
gest that an external strand would transit past the Zn motif-
containing D1 domain; thus, it is ideally situated to enter the
gap present in the “lock-washer” conformation of the T-ag
OBD hexamer. A similar gap is present in Rho, a prokaryotic
hexameric RNA/DNA helicase (71). The gap in Rho was sug-
gested to facilitate loading of the molecule onto single-
stranded RNA. The gap in T-ag hexamers, and in other hex-
americ helicases needed for DNA replication, may serve the
analogous function of enabling the passage of ssDNA from the
central regions of these complexes. This proposal is consistent
with previous electronmicroscopy studies that reported “rabbit
ears” emerging from the central region of T-ag double hexam-
ers (29, 88). Finally, it is proposed that the overall path of
DNA through the second T-ag OBD hexamer is similar to that
used to transit the first hexamer. However, based on the need
to expose both parental strands as templates for DNA synthe-
sis, it is likely that the complementary strand is routed through
the central channel of the second hexamer. This arrangement
may be related to the observation that the two hexamers ap-
pear to be rotated relative to each other (29).

Double hexamers of T-ag assembled on the core origin are
stable entities that do not extensively unwind duplex DNA.
However, with origin containing linear DNA substrates, DNA
unwinding is detected upon the addition of RPA (17, 27).
Thus, RPA is a necessary cofactor for detecting the 3’ to 5’
helicase activity of T-ag. Therefore, it is of interest that RPA
binds selectively to the T-ag OBD (85). Indeed, the C terminus
of the 30-kDa subunit of RPA contacts the Al and B2 motifs
at many of the same residues used to bind to ssDNA (4). This
suggests that RPA competes with ssDNA for many of the same
residues on the Al and B2 motifs. Furthermore, the affinity of
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159
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187 149 159

FIG. 7. Mutational-based evidence that one face of the T-ag OBD spiral contains a binding surface for ssDNA. The distribution of T-ag OBD
mutations that were previously shown to be defective for binding to ssDNA containing helicase substrates (M13mp19 ssDNA to which a primer
had been annealed) (69, 92) are shown in blue (i.e., A149, F159, and H203). As in Fig. 4, the individual monomers are colored in alternating shades
of gray and labeled a to f. On the left is presented the helicase-proximal surface of the T-ag OBD (48); residues 149, 159, and 203 cluster on this
surface. In contrast, inspection of the right-hand image reveals that atoms from these residues are not significant features of the hexamer-hexamer
surface of the T-ag OBD. Finally, T-ag OBD residues S185 and H187 have also been implicated in binding to ssDNA (69). However, they are
internally located; therefore, atoms from these residues can be seen on both surfaces.

RPA for ssDNA (K, of ~0.01 to 1 nM (89) is much higher than
the affinity of the T-ag OBD,5; 4, for ssDNA (~25 uM).
Since the Al and B2 loops in the spiral hexamer are oriented
toward the helicase domain (48), the net effect of helicase
activity would be the extrusion of ssDNA out through the gap
near the helicase domain and its subsequent transfer to RPA.

Regarding the T-ag-dependent forces that are needed to
propel DNA through the double hexamers during unwinding,
the beta-hairpins located in the helicase domains are likely to
pump DNA through the center of the complex (19, 23, 44, 59,
65). However, additional forces may be operating. For exam-

ple, in the vicinity of the gap the externally routed ssDNA may
be constrained owing to its interactions with the Al and B2
motifs and the linkers that connect the T-ag OBD monomers
to the helicase domains. Therefore, if the helicase domain
were rotated relative to the T-ag OBD domain, perhaps as a
result of ATP hydrolysis or RPA binding, the ssDNA would be
subjected to a ratcheting force that would promote its move-
ment across the surface of the helicase domain.

The path taken by ssDNA through the T-ag OBD hexamer
and the rest of the complex is also relevant to a consideration
of how nascent DNA is synthesized in the vicinity of the viral

FIG. 6. Compilation of mutants within the T-ag OBD which are defective for DNA replication; the references to the individual mutations are
presented. In many instances, the step(s) in the initiation process that are defective are known. For example, a number of mutants are defective
in binding to double-stranded DNA substrates (i.e., the core origin [0], site I [I], site II [II], an origin subfragment containing pentanucleotides 1,
2, and the early palindrome [1,2+EP], and non-sequence-specific [ns] DNA). Additional mutants (identified by keywords) were defective for
binding to single-stranded DNA, oligomerization on origin-containing DNA, DNA distortions of the origin flanking regions, the ability to unwind
covalently closed circles (C) or linear (L) DNA, or helicase activities. However, in several instances, the stage at which the mutants are defective
has not been determined. Therefore, these mutants were simply classified as replication defective. (A dot is used to symbolize that a given activity
was inactivated). Within the T-ag OBD, residues in the Al and B2 elements (147 to 159 and 203 to 207, respectively) mediate site-specific binding
to the GAGGC sequences in the central, or site II, region of the origin (reviewed in references 11 and 66). Related studies led to the organization
of mutations within the T-ag OBD into different classes (68, 93). Class 1, with mutations introduced at residues N153, R154, T155, F159, F197,
and R204, are defective for binding to the SV40 origin of replication. Class 2, with mutations introduced at residues S185, H203, and V226, are
unable to bind to DNA, either site-specifically to the origin or in a non-sequence-specific manner. In contrast, class 3, with mutations at residues
A168 and F183, bind to DNA like wild-type T-ag but are unable to unwind origin-containing fragments of DNA and fail to correctly oligomerize
in response to ATP. Class 4, with mutations at residues H148, K167, Q213, L215, C216, S219, F220, and E246 (93), are defective in unwinding
closed circular DNA and in supporting DNA replication in vitro. Of interest, a number of the class 4 mutants (i.e., Q213, L215, C216, S219, and
F220) are clustered at an interface that is thought to mediate hexamer-hexamer association (48). Class 5, with mutations at residues F151, T217,
N227, and E245, support DNA replication in vitro but not in vivo. Finally, residues in T-ag OBD are also required for interactions with cellular
proteins that initiate DNA synthesis. For example, the hRPA32 C-terminal domain binds to the T-ag OBD (4). Residues in the T-ag OBD that
appear to be involved in this interaction include R154, H201, R202, R204, N258, and P259.



FIG. 8. Evidence that ssDNA interacts with residues situated in the gap in the T-ag OBD. (A) Two views of the T-ag OBD spiral that are related
by a rotation of 180°. For simplicity, the T-ag OBD monomers that are situated such that they do not contribute residues to the terminal portion
of the gap, present in monomers a and f, are shown in light blue. Residues in the terminal region of the gap that underwent significant chemical
shift changes upon binding to ssDNA are colored as described in the legend of Fig. 4. (B) The distribution of previously described replication-
defective mutations in the terminal region of the gap. The relevant residues that can be see from either view include E133, D134, P135, S144, A149,
F151, S152, L156, T164, E166, V181, T199, P200, V205, S206, A207, K214, V226, N227, T237, E245, E246, and 1252 (Fig. 5 and 6). The residues
whose replication defect is in either DNA unwinding or helicase activities (see panel C) are colored, but not labeled. (C) The distribution of
residues in the terminal portion of the gap that selectively disrupted either DNA unwinding (orange residues; N153, R154, T155, K167, F183, R204,
Q213, L215, C216, S219, F220, and V226) or helicase activity (green residues; F197 and H203) when mutated (Fig. 5 and 6).
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FIG. 9. A model depicting the transit of sSsSDNA through T-ag double hexamers assembled on the core origin. (A) Models depicting a T-ag OBD
hexamer and its interactions with DNA. On the left is a model of the spiral hexamer; the gap in the lock-washer conformation is evident at the
terminus. The Al residues are shown in yellow, and the B2 residues are shown in red. T-ag OBD residue Glu260 is shown in teal; the linker that
connects the T-ag OBD with the helicase domain (44) would be attached to these residues. The image to the right is a schematic of the T-ag OBD
spiral, depicting the transit of DNA (pink and red strands) through the complex. The binding surface for ssDNA, comprised mainly of residues
in the Al and B2 regions, is symbolized by the yellow surface. T-ag OBD residue Glu260 is depicted by the small teal dashes. (B) A model for
the transit of DNA through a T-ag double hexamer; the helicase domain is depicted in light green. The black arrows symbolize the pumping of
duplex DNA into the double hexamer complex. At least one strand enters the central channel of the helicase domain, where it interacts with the
beta hairpins (propeller-like structures) (23, 59, 65). Based on the transit of DNA over prokaryotic helicases (see text), the second strand is
depicted going over the outer surface of the helicase domain. However, an alternative possibility is that it travels through a side channel (22, 44)
and transits past only a limited amount of the external surface of the helicase domain. In either case, the externally routed strand is proposed to

transit through the gap in the T-ag OBD hexamers.

origin. The polymerase a-primase complex is known to bind to
the helicase domain of T-ag (18, 24) and to share with T-ag
overlapping sites of interaction on the 70-kDa subunit of RPA
(9). These and related observations led to the hypothesis that
T-ag, RPA, and the polymerase a-primase complex form a
preinitiation complex (reviewed in references 10, 11, 21, 33, 66,
and 84). Based on the current findings, it is possible that upon
emergence of ssSDNA out of the gap in the T-ag OBD hexamer,
the polymerase «a-primase complex initiates primer-RNA/
DNA synthesis at pyrimidine-rich trinucleotide sequences (12,
13, 50, 51, 57). Competition for RPA would then enable rep-
lication factor C to displace the polymerase a-primase complex
and to load proliferating cell nuclear antigen (94). The subse-
quent binding of polymerase & to both RPA and proliferating

cell nuclear antigen would promote a polymerase switch (re-
viewed in references 35 and 84) and the establishment of the
leading strand complex. It follows that the leading strand com-
plex may be positioned where ssDNA is generated within the
helicase domain.

A number of important issues regarding the interaction of
the T-ag OBD with the SV40 origin remain to be clarified. For
example, little is known regarding the point at which site II is
unwound, and there is uncertainty regarding the exact stage at
which all four pentanucleotides are bound (36, 78). Neverthe-
less, based on primary sequence and structural homologies (14,
32), it is likely that the interactions between the OBDs en-
coded by other members of the Polyomaviridae family of vi-
ruses and both duplex and ssDNA occur via mechanisms that
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are similar to those employed by the T-ag OBD. Furthermore,
the helicase domains of SV40 T-ag, papillomavirus E1, and the
archaeal minichromosome maintenance complex (47) contain
the beta-hairpin motif (1, 19, 44, 59, 64, 65), one indication that
these domains will also interact with DNA in a related manner.
Therefore, it will be of interest to determine the extent to
which the transit of DNA through other hexameric helicases,
such as additional members of the SF3 family of helicases (43),
has been conserved.

ACKNOWLEDGMENTS

This work was supported by a grant from the National Institutes of
Health to P.A.B. (9R01GM55397).

We thank Gillian D. Henry for useful discussions and Paul J. Phelan
for comments on the manuscript.

Addendum in Proof

After this manuscript was submitted, Enemark and Joshua-Tor
(E. J. Enemark and L. Joshua-Tor, Nature 442:270-275, 2006) pub-
lished an article that examined the mechanism of DNA translocation
through the papillomavirus E1 hexameric ring helicase. In keeping
with the model for SV40 T-ag presented in Fig. 9B, their experiments
demonstrate that only a single strand of DNA transits through the
central channel of the papillomavirus helicase domain. Their data also
indicate that the ssDNA located in the central channel is translocated
out of the hexameric complex. In contrast, previous studies suggested
that DNA is translocated into hexameric complexes (Fig. 9B, black
arrows). One consequence of this altered polarity of translocation
through the T-ag double hexamer complex would be that nascent DNA
synthesis would likely occur where ssDNA emerges from the C termini
of the helicase domains, not in the vicinity of the gaps.
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